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a b s t r a c t
An experimental investigation of heat transfer through porous media in superfluid helium has been
conducted in the framework of the development of porous electrical insulations for superconducting
magnet cables cooled by superfluid helium. Several types of porous media with different characteristics
were tested and, in particular, samples with pore size diameters of 0.1 lm, 1 lm, 2 lm, 10 lm and
20 lm. Temperature and pressure were measured between an insulating inner bath and the cryostat
bath, communicating only through the porous medium. The cryostat bath is held constant all along
the measurement and, for each sample, the tests are performed for bath temperature from 1.4 K to
2.1 K with 0.1 K increment. Depending on the porous medium average pore size diameter, different flow
regimes are observed: for porous media with a pore diameter of 0.1 and 1 lm, only the Landau regime is
observed whereas for porous media with a pore diameter of 2 lm, we observed the Landau regime and
the Gorter-Mellink regime. For samples with a pore diameter of 10 and 20 lm, measurements only per-
mitted to detect the Gorter-Mellink regime. In the laminar regime, the permeability of the samples was
determined and it was found that the permeability is constant for bath temperature above 1.9 K whereas
it increases as the bath temperature decreases from 1.8 K to 1.4 K. For samples with a pore size diameter
of 10 and 20 lm, measurement permits only to observe the turbulent regime and the analysis exhibits a
constant average tortuosity for each samples, independently of the bath temperature.
1. Introduction
For the operation of superconducting magnets, the temperature
of the cable must hold below a critical temperature to maintain
them in the superconducting state. The superconducting cable is
used to build coils and the superconducting state allows current
to flow without resistance in order to generate high magnetic field.
To achieve this state, the superconducting magnet cold mass is
typically cooled by liquid helium either in its normal state, He I, or
by its superfluid helium, He II, which has a high effective thermal
conductivity. Whatever their use (research magnets, medical
purpose (magnetic resonance imaging) or particle accelerator), it
is necessary to remove heat from the superconducting cables to stay
below the critical temperature. For particle accelerator magnet
cooled by superfluid helium, the amount of heat that needs to be
removed, mainly produced by the interaction of the cable with the
particles shower coming from the beam, is consequent and, for
the upgrade of the LHC, it has been estimated on the order of
30 W/m for the magnets in the interaction region [1]. For these
superconducting magnets, the main thermal resistance to cooling
is due to the electrical insulations of the superconducting cables [2].
For Nb3Sn magnets considered for the upgrade of LHC, the cable
must undergo a heat treatment at high temperature (700 °C) for
several hours to create the Nb3Sn compound. The usual electrical
insulation of this type of magnet is made of fiberglass tape impreg-
nated with epoxy resin. The superconducting coil cooling is mainly
controlled by conductive heat transfer and Kapitza resistance [3–
6]. To enhance the heat transfer, new type of insulations based
on ceramic materials were developed [7]. The advantage of these
ceramic materials is to resist to the heat treatment and to create
porosity allowing superfluid helium, which has almost no viscos-
ity, to penetrate the insulation. Hence the heat extraction from
the cable through the micro channels of the porous insulation
would be definitively higher than for usual impermeable
insulation.
In the past, superfluid helium flows through porous media were
studied mainly for thermo mechanical pump, a device used in
aerospace system to transfer superfluid helium that uses the⇑ Corresponding author.
‘‘fountain effect’’ [8–10]. More recent works presented experimen-
tal heat transfer investigation on porous media in superfluid
helium [11–14]. These few studies had measured the temperature
with regards to the heat flux at different bath temperatures and
concerned only one type of porous medium (2 lm of pore size
diameter), which do not allow comparison between different pore
size diameter or porosity and to draw general conclusion on the
effect of these parameters. This lack of information was the pri-
mary motivation to initiate a fundamental study on heat transfer
through porous media in superfluid helium and to understand
the physical phenomena involved.
This paper presents the results of this experimental investiga-
tion. Different types of porous media with known characteristics
such as porosity, thickness and average pore size diameter, were
tested for bath temperature from 1.4 K to 2.1 K. Two experimental
set-ups were developed to measure the temperature and the pres-
sure differences across samples between an insulated inner bath
where a heater is immersed and the superfluid helium bath at con-
stant temperature and pressure.
2. Superfluid helium and porous media
After the experimental discovery of superfluidity in the thirties,
Landau proposed in 1941 a two-fluid model to describe superfluid
helium [15]. In this model, helium below Tk (the transition temper-
ature between normal and superfluid helium) is considered as a
mixture of a normal component, the normal fluid with a density
qn and a velocity field vn and a superfluid component, the
superfluid with a density qs and vs for the velocity field. The total
density is denoted q and is the sum of the density of the normal
and superfluid components, i.e.,
q ¼ qn þ qs: ð1Þ
For a given temperature, there is a unique ratio between the
superfluid density and the normal fluid density [16]. The superfluid
component carries no entropy and exhibits no viscosity whereas
the normal fluid component behaves as an ordinary fluid with a
viscosity g and an entropy s.
The continuity equation for the total mass of fluid reads
@ðqn þ qsÞ
@t
þr  ðqnvn þ qsvsÞ ¼ 0: ð2Þ
The momentum equation for the total fluid is written as for a
classical incompressible fluid using the Navier-Stokes equation
[17]
@ðqnvn þ qsvsÞ
@t
þr  ðqnvnvn þ qsvsvsÞ ¼ ÿrpþ gDvn þ qg; ð3Þ
where the viscous term involves only the normal component.
For low velocity, the superfluid velocity is postulated to be
irrotational and it is considered that the flow of superfluid compo-
nent derives from a potential. As a consequence, the momentum
equation for the superfluid component is expressed as [15]
@ðqsvsÞ
@t
þr  ðqsvsvsÞ ¼ qssrT ÿ
qs
q
rpþ qnqs
2q
rjvn ÿ vsj2 þ qsg:
ð4Þ
It is then possible to obtain the momentum equation for the
normal component by subtracting Eq. (4) from Eq. (3); we obtain
@ðqnvnÞ
@t
þr  ðqnvnvnÞ ¼ ÿqssrT ÿ
qn
q
rpþ gDvn
ÿ qnqs
2q
rjvn ÿ vsj2 þ qng: ð5Þ
The entropy equation is given by
@ðqsÞ
@t
þr  ðqsvnÞ ¼ 0; ð6Þ
where we have neglected viscous dissipation.
In the field of porous media, the direct analysis of this problem
at the pore scale, is not possible in general because of the complex
structure of a porous medium and, even with the computational
power available nowadays, it is usually impossible to simulate
directly all the physical processes that arise in a porous medium.
This call for the introduction of macro-scale description, which
can be obtained heuristically or through pore-scale to macro-scale
upscaling techniques. Superfluid flows have been studied from an
upscaling point of view by using the method of volume averaging
(see [18] for a review and [19] for a textbook introduction). The
equations valid in a particular phase are spatially smoothed in
order to obtain a set of equations valid everywhere. The volume
averaging method has been applied to the superfluid helium
two-fluid model [20]. This method was applied considering the
equations in the Landau regime with no heat transfer between
the solid and the superfluid. The following set of macroscopic
equations was obtained after linearization for the steady-state
regime where the capital letters stand for the macroscopic
variables.
Continuity equation
r  ðqnðTbÞVn þ qsðTbÞVsÞ ¼ 0 ð7Þ
Momentum equation for the superfluid component
0 ¼ qsðT
bÞsðTbÞ
s
rTb ÿ qsðT
bÞ
qðTbÞ
1
s
rPb þ qsðTbÞg ð8Þ
Momentum equation for the normal component
0¼ÿqsðT
bÞsðTbÞ
s
rTbÿ 1ÿ qsðT
bÞ
qðTbÞs
!
rPbÿgðT
bÞ
K
VnþqnðTbÞg ð9Þ
Entropy equation
r  ðebqðTbÞsðTbÞVnÞ ¼ 0 ð10Þ
In these equations, the b-phase is the fluid phase, Tb is the
intrinsic b-phase average of the temperature, Vn and Vs are the
intrinsic average velocities in the pore, eb is the porosity of the por-
ous medium. We must note that the structure of the macro-scale
equations involves two ‘‘effective parameters’’, s and K, that are
expected to depend only on the geometry of the porous medium.
K is the permeability, the same that appears in Darcy’s law for a
classical fluid and s represents a tortuosity parameter. In Eq. (8),
the gravity term can be neglected with regards to the other terms
and the tortuosity can be eliminated to obtain a macro-scale ver-
sion of the London equation.
If we add Eqs. (8) and (9), we obtain
0 ¼ ÿrPb ÿ gðT
bÞ
K
ebVn þ qg; ð11Þ
which is the Darcy’s Law for superfluid helium.
Several assumptions, classically used in porous media physics,
have been made to obtain this result, such as neglecting inertia
terms and Brinkman’s terms. Additional assumptions specific to
the superfluid are discussed in [20].
It is important to check the validity of the above equations, in
particular the appearance of the ‘‘classical’’ permeability in the
up-scaled equation in the Landau regime. For this purpose, a series
of specific experiments was performed with two objectives: (i)
characterize asmuch as possible the ‘‘classical’’ transport properties
of the porous media samples used in this study, (ii) perform exper-
iments in the superfluid state in order to access the validity of the
.
proposed up-scaled model. The first step was carried out through
gas permeability measurements, as described in the next section.
3. Gas permeability measurements
3.1. Porous media samples
This experimental investigation was performed for three differ-
ent families of samples. Two families are Al2O3 commercial porous
samples. These porous media are basically an agglomerate of small
particles forming a network of interconnected channels and it is
possible to obtain monoliths of different size and geometry. Sam-
ples of the first family have a pore size diameter of 1 lm with a
porosity of 30% or 2 lm with a porosity of 32% and two different
thicknesses (3 mm and 4 mm). Samples of the second family have
a pore size diameter of 0.1 lm, two different porosities (12% and
33%) and three different thicknesses (1 mm, 2 mm and 3 mm).
For the last family, we have two samples made of silicon carbide
(SiC). One has a 10.8 lm average pore diameter, 62% of porosity
and a thickness of 1.5 mm. The second has a 20 lm average pore
diameter, 58% of porosity and a thickness of 1.2 mm. The charac-
teristics of the different samples tested are summarized in Table 1.
3.2. Permeability determination
For the permeability determination, we checked the potential
existence of Klinkenberg’s effects by estimating the Knudsen num-
ber (Kn), ratio of the mean free path to the flow characteristic
length. In the case of a porous medium, the characteristic length
is the average pore size. For an ideal gas, Kn is given by
Kn ¼ kbTffiffiffi
2
p
pr2pLc
ð12Þ
where kb is the Boltzmann constant, T the temperature, r the mol-
ecule diameter (128 pm for helium), p the gas pressure of the gas
and Lc the average pore size. The Knudsen number must be lower
than 0.15 for a Darcy’s flow to be acceptable without a permeability
correction.
For the SiC samples with a pore size diameter of 10.8 and
20 lm, the Knudsen number for helium gas is respectively 0.056
and 0.028 at room temperature. Therefore we decided to deter-
mine the permeability of these samples at room temperature. A
dedicated experimental set-up was build based on the measure-
ment of a helium gas mass flow rate as a function of the pressure
drop across the sample.
For the Al2O3 samples with a pore size diameter of 1 lm, the
Knudsen number for helium gas is 0.56 at room temperature,
hence we are potentially no longer in a Darcy regime. To be in
the Darcy regime, the temperature of the gas has to be much lower.
At around 5 K, the Knudsen number falls to 0.095. For this reason,
another dedicated experiment was built based on the same mea-
surement principle but in low temperature environment.
3.2.1. Permeability determination at room temperature
Theoretical results in Section 2 suggests that the Darcy’s law is
valid in the Landau regime and that the permeability introduced in
He II is the intrinsic permeability of the considered porous med-
ium. It is interesting to compare the permeability measured in
helium gas at room temperature with the permeability obtained
from the measurement in superfluid. The experimental set-up to
measure the permeability at room temperature allows producing
a helium gas flow through a porous medium sample as sketched
in Fig. 1. Pressure is measured between the two chambers sepa-
rated by the porous medium glued onto the sample support flange.
The same sample/support flange is used for the measurements in
superfluid helium. The long pipe between the porous medium
and the helium gas mass flow-meter allows stabilising the flow
before the mass flow-meter. Permeability is determined from the
Darcy’s law
rp ¼ ÿ g
K
V; ð13Þ
with g the dynamic viscosity and K the permeability.
The pressure difference is measured for different mass flow
value with a Yokogawa pressure sensor in the range of 0–0.8 bars
and the mass flow is determined by using a volume flow meter in
the range 0–500 SCCM (Standard Cubic Centimeter per Minute)
Brooks Instrument.
Considering a perfect gas, Eq. (13) allows to obtain the mass
flow rate as
m ¼ qhvi ¼ ÿK
g
M
RT
prp; ð14Þ
where q is the density, M the molar mass of helium, R the perfect
gas constant and T the temperature. In a steady state regime, the
mass flow rate is constant and if we integrate Eq. (14) along the
sample length we get
me ¼ K
g
M
RT
1
2
p2e ÿ p2s
ÿ  ð15Þ
where e is the thickness of the porous medium, pe and ps are the
pressures on both sides of the sample with pe > ps. The values of
(pe
2 ÿ ps2) are plotted as a function of the mass flow rate in Fig. 2.
We see that the relation between the mass flow rate and (pe
2 ÿ ps2)
is linear and, using the slope of the curves, the permeability can be
determined. In addition, linearity observed for a maximum pressure
variation across the sample of about 104 Pa suggests that the Klin-
kenberg correction, i.e., a permeability depending on pressure, is
not needed.
The permeabilities obtained for the samples with a pore size
diameter of 10 and 20 lm are 1.47  10ÿ12 m2 and 3.33 
10ÿ12 m2 respectively. Since we know that the permeability scales
as Lc
2, the ordering of the values is at least coherent.
3.2.2. Permeability determination at low temperature
To determine the permeability of Al2O3 samples with a pore size
diameter of 1 lm, a different experimental set-up has been built
for low temperature measurement. More details can be found in
[20]. The principle of the experimental set-up is presented in
Fig. 3. A small cryostat is used with a pipe communicating from
inside to the exterior through the top flange of the cryostat. Inside,
the porous medium support flange is fixed to the pipe just above
the liquid helium bath. Helium is vaporized by a heater in the bath
and the vapour can exit only through the porous medium. The
Table 1
Geometrical characteristics of the different samples tested.
Name/
composition
Average pore size
diameter (lm)
Thickness
(mm)
Porosity
(%)
Al2O3 1 3 30
Al2O3 1 4 30
Al2O3 2 3 32
Al2O3 2 4 32
Al2O3 0.1 1 12
Al2O3 0.1 2 12
Al2O3 0.1 3 12
Al2O3 0.1 1 33
Al2O3 0.1 2 33
Al2O3 0.1 3 33
T 43 (SiC) 10.8 1.5 62
T 51 A (SiC) 20 1.2 58
pressure difference is measured between the cryostat chamber and
the exhaust pipe by a differential pressure sensor giving the
pressure drop through the sample. The differential pressure sensor
has a range of 0–80 kPa and an overall measurement error of 1 kPa.
The mass flow rate is measured at room temperature with a mass
flow-meter with a range of 0–5  10ÿ4 g/s with an overall mea-
surement error of 6  10ÿ7 g/s. As we will see later, the absolute
pressure of the cryostat and the temperature of the helium vapour
crossing the sample are also needed to determine the permeability.
Hence, the absolute pressure of the cryostat is measured with a
pressure sensor with a range of 0–0.2 MPa and an overall error
measurement of 100 Pa. For the measurement of the vapour tem-
perature of helium through the sample, a temperature sensor is
located on the sample support flange. It has an overall error mea-
surement of 10 mK.
The experimental set up for the measurement of the permeabil-
ity at low temperature was used to determine the permeability of
the samples with a pore size diameter of 1 lm. During the exper-
iment, the temperature sensor showed an average temperature of
5 ± 0.5 K which gives a Knudsen number of 0.095. This means that
the flow considered is a Darcy’s flow. These results have been
presented in [20] and the permeability of these samples was deter-
mined to be 5.00 ± 0.75  10ÿ15 m2.
4. Superfluid measurement
Two experimental set-ups have been built to measure heat
transfer in superfluid helium in porous media. The first set-up
allows measuring the temperature and the pressure difference
across the sample in the steady-state regime and it was used to test
Al2O3 samples with pore size diameter of 1 and 2 lm and SiC
samples. A second set-up was built in order to measure the tem-
perature difference and the pressure difference in the steady-state
but also in the transient regime. This set-up was used to test Al2O3
samples with pore size diameter of 0.1 lm. One Al2O3 sample with
pore size diameter of 1 lmwas tested with both experimental set-
ups in steady state and the identical results were obtained. In the
present paper, only steady state measurements are presented.
4.1. First experimental set-up, steady state regime
The principle of this set-up is to create a heat flow through the
porous medium which separates an inner bath and the saturated
helium bath of the cryostat. The inner bath is thermally insulated
from the cryostat bath by a vacuum space to reduce as much as
possible heat losses and to force heat to cross the sample. A tem-
perature sensor, an absolute pressure sensor and a heater are
located in the inner bath and a temperature sensor is located in
the helium bath to measure the bath temperature. A schematic
and a picture of this set-up is shown in Fig. 4. The samples are
glued to the support flange for the epoxy glue DP190 by 3MÒ.
For the temperature measurement, two Cernox bare chip 1050
thermometers are used; one located in the inner bath (Ti) and
one in the cryostat bath (Tb). The pressure is measured with a sil-
icon piezo-resistive pressure sensor. To have a very precise inner
bath temperature, a lock-in amplifier SR850 is used which gives
Fig. 1. Principle of the permeability measurement set up at room temperature.
Fig. 2. (pe
2 ÿ ps2) as a function of mass flow rate for the samples with a pore size
diameter of 10 lm (j) and 20 lm (N).
Fig. 3. Schematic of the porous medium sample cold helium gas experimental set-
up [20].
a sensitivity of ±20 lK to ±200 lK depending on a bath tempera-
ture between 1.4 K and 2.1 K, i.e. the value of the thermometers’
resistance. It allows also a temperature difference error of 0.2 mK
at most. The heat flux is determined with an uncertainty of 0.5%.
The superfluid helium bath is regulated within 1 mK over the
entire duration of the experiment. The design of this experimental
set-up has been optimized to reduce as much as possible the par-
asitic heat loads. Since the maximum DT between the helium and
the inner baths is around 0.7 K; the radiation heat loads on the
inner bath are considered negligible. The conductive heat load
thought the wiring and the stainless steel support have been also
examined. The wires, installed in a pig tailed manner in the feed
through, are made of ManganinÒ and each of them is 1 m long.
The maximum heat load going through the wiring is around
20 lW. The conductive heat load through the samples have been
also evaluated with thermal conductivities from [21]. The maxi-
mum conductive heat flux (DT = 0.7 K) through an Al2O3 samples
is 140 W/m2 for the 1 mm thick sample with a porosity of 33%.
For the SiC samples the maximum heat flux was computed to be
245W/m2 for the 1.2 mm thick sample. These heat fluxes are
completely negligible with respect to heat dissipated during the
experiments. Radial heat load through the stainless steel support
are also negligible.
4.2. Second experimental set-up, steady state and transient regime
The principle of the second set-up is the same as the previous
one but the inner bath volume has been reduced as much as
possible to eliminate the thermal inertia effect due to the helium
volume of the inner bath (cf. Fig. 5). The same sample support
flange is used for both experiments. For the temperature measure-
ment, two Cernox bare chip 1050 thermometers are used; one
located in the inner bath (Ti) and one in the cryostat bath (Tb).
The pressure sensor is a differential pressure sensor KuliteÒ
CT190 with a range of 0–700 kPa. It must be pointed out that the
major inconvenience in using this pressure sensor is that it delivers
a power of 16.6 mW in the inner bath. This flux was taken into
account for the analysis of the results. The heater is a handmade
ManganinÒ wire wrapped like a coil and glued in the middle of
the inner bath (see Fig. 6a) It has a hole in the middle to leave space
for the instrumentation wires of the temperature sensor. The resis-
tance of the heater is around 18 O. The heater is positioned at
2 mm from the porous medium in the inner bath. The porous sam-
ple is glued into the support flange as it is shown in the picture of
Fig. 6b. The total area in contact with helium is determined from a
digital picture of the sample surface with a ‘‘scale’’ and pixel
counting software. The heater and the inner thermometer are
instrumented with four 0.127 mm in diameter Ph-Br wires. The
Fig. 4. (a) Schematic of the porous medium sample He II experimental set-up. (b) Picture of the experimental set-up without the sample support flange.
Fig. 5. Schematic of the porous medium sample He II second experimental set-up.
Fig. 6. (a) ManganinÒ wire heater. (b) Sample Al2O3 (1 mm and 12% of porosity)
glue on the sample support flange. A surface ‘‘scale’’ is added in the middle of the
sample to determine the total area in contact with helium.
heat leak through these wires considering the highest temperature
difference is around 1 lW. The heat leak through is around 3 lW.
4.3. Experimental results
4.3.1. London equation and heat flow regime
It has been shown theoretically in [20] and recalled in Section 2
that the London equation,rp = qsrT, is valid for porous media and
at the macro-scale in the Landau regime. This relation is no more
valid when superfluid vortices are developing indicating the
beginning of the transition regime before the Gorter-Mellink or
turbulent regime. To identify the Landau regime in the measure-
ments, the results are presented as the ratio between the integral
of the London equation and the pressure difference measurement
as 1
Dp
R T i
Tb
qsdT . Obviously, in the Landau regime, this ratio is 1. Figs. 7
and 8 present the evolution of this ratio for Al2O3 samples with
pore size diameter of 1 and 2 lm as a function of the heat flux q
defined by the ratio of the heater power to the total area of the por-
ous media because the Darcy regime is defined with the filtration
velocity and not the average velocity in the pore, the filtration
velocity being the average velocity in the pore multiplied by the
porosity.
It can be noticed that this ratio is not always 1 at very low heat
flux and we attribute this to a problem of accuracy of the pressure
sensor. Indeed, the pressure sensor has a measuring range from 0
to 3 bars, much higher than the pressure differences measured of
the order of 0.5 bar at maximum. Moreover, we also experimen-
tally observed that the calibration law of this sensor was not linear
at very low pressure.
Table 2 gathers the values of the heat flux at the transition
between He II and He I, qk. When reaching Tk, the voltage signal
across the temperature sensor becomes very instable and then
drops due to the dramatic increase of the temperature. Given the
fact that the heat flux is incremented by Dq between each mea-
surement, it must be noted that the value of the heat flux at the
transition, qk, is comprised between qk ÿ Dq and qk + Dq, the aver-
age value of Dq is 60 W/m2. We can already see that the lower the
bath temperature is and the bigger qk is, independently of the
thickness and the pore size diameter. This can be readily explained
by the fact that the lower the bath temperature the longer it takes
to reach Tk.
It can also be observed that, for a given bath temperature, the
heat flux qk is bigger for samples with a pore size diameter of
2 lm than for samples with a pore size diameter of 1 lm. Since
samples with a pore size diameter of 1 lm and 2 lm have the same
porosity, this is explained by the fact that the flow cross-sectional
area of flux line is larger, in average, for samples of 2 lm of pore
size diameter. For samples with a pore size diameter of 1 lm, it
is observed that qk is of the same order for samples of 3 and
4 mm in thickness, the maximum difference is 2%. This is not the
case for samples of 2 lm in pore size diameter because qk is bigger
by 10% in average for the 3 mm thick sample compare with the
4 mm thick sample.
For porous media, the London equation derives from the
macroscopic Eq. (8) in the steady state Landau regime; the gravita-
tional term being negligible. If we consider this equation in the
Gorter-Mellink regime, the terms corresponding to the tempera-
ture gradient and to the pressure gradient are still present but
there is also the term corresponding to the mutual friction
between the two components in the turbulent regime. This implies
that the London equation is not valid in this regime and the ratio
1
Dp
R T i
Tb
qsdT is expected to be greater than 1. For SiC samples, the
ratio is bigger than 1, even at very low heat flux, and this implies
that the regime observed is always the Gorter-Mellink regime.
The critical heat flux corresponds to the change in the flow
regime. It is the heat flux at which superfluid vortices appear and
this indicates the beginning of a transition regime leading to the
Gorter-Mellink regime [22]. This can be easily detected on the
graphs when 1
Dp
R T i
Tb
qsdT becomes superior to 1. To determine this
critical heat flux, we decided that we are no more in the Landau
regime when the ratio 1
Dp
R T i
Tb
qsdT is superior to 1.1. This value
has no specific physical signification but it was chosen to study
the critical heat flux consistently. Table 3 gathers the critical heat
flux values for samples with pore size diameter of 1 and 2 lm.
For the sample with 1 lm of pore size diameter, there is no crit-
ical heat flux since the ratio 1
Dp
R T i
Tb
qsdT increases roughly only
when approaching the transition He II/He I. This implies that heat
transfer is exclusively in the Landau regime as it is also clear in
Fig. 7. It also indicates that the transition and Gorter-Mellink
Fig. 7. 1
Dp
R T i
Tb
qsdT for Al2O3, 1 lm in pore size diameter, 3 mm in thickness.
Fig. 8. 1
Dp
R T i
Tb
qsdT for Al2O3, 2 lm in pore size diameter, 3 mm in thickness.
Table 2
Heat flux at the transition He II/He I, qk in W/m
2.
Temperature
(K) Tb
Al2O3 1 lm
pore size
diameter,
3 mm in
thickness
Al2O3 1 lm
pore size
diameter,
4 mm in
thickness
Al2O3 2 lm
pore size
diameter,
3 mm in
thickness
Al2O3 2 lm
pore size
diameter,
4 mm in
thickness
2.1 2240 2295 3479 3112
2 4630 4700 6552 5817
1.9 6037 6165 8131 7260
1.8 6827 6970 8820 8110
1.7 7389 7540 9399 8523
1.6 7346 7339 9619 8802
1.5 9596 8991
regimes do not appear. However, this is not the case for samples
with 2 lm of pore size diameter. There is a region where the ratio
is around 1 but it increases as the heat flux increases, indicating the
regime of superfluid turbulence and then the development of
vortices. From this, we can conclude that the pore size diameter
influences the vortices development [22].
Table 3 shows that for samples of 1 lmof pore size diameter, the
critical heat flux increases when the temperature decreases. The
evolution is different for samples of 2 lm of pore size diameter:
the critical heat flux increaseswhen the temperature decreases from
2.1 K to 1.8 K and decreases when the temperature decreases from
1.7 K to 1.5 K. It is interesting to note that for a temperature inferior
to 1.8 K, the superfluid density is superior to the normal fluid den-
sity and since vortices develop in the superfluid component, we con-
clude that the more superfluid component is important and the
more superfluid vortices develop easily. This is not observed on
the sample with 1 lm of pore size diameter due to the size effect
that impacts on the vortices development as seen before.
4.3.2. He II permeability determination
The permeability of the samples with pore size diameter of
0.1 lm, 1 lm and 2 lm in superfluid helium is determined from
low temperature measurements. From Eqs. (8) and (9) presented
in Section 2, Darcy’s law can be expressed as a function of the
pressure gradient,
rp ¼ ÿ g
K
q
qsT
; ð16Þ
or with the temperature gradient,
rT ¼ ÿ g
K
q
ðqsÞ2T
: ð17Þ
After integration, Eqs. (16) and (17) could be used to determine
the permeability,
Dp ¼ q
Z T i
Tb
g
KqsT
dx ð18Þ
DT ¼ q
Z T i
Tb
g
KðqsÞ2T
dx; ð19Þ
with K the permeability, Tb the bath temperature and Ti the inner
bath temperature.
Eq. (19) is preferred since the temperature measurement is
more accurate than the pressure measurement in our experiment.
For each bath temperature, the permeability is determined at low
heat flux in the Landau regime. The permeability is expected to be
constant since, for classical fluids, K is only dependent on geome-
try. Actually, it appears that the permeability obtained is only con-
stant for bath temperature above 1.9 K. For 1.8 K bath temperature
and below, the permeability tends to increase as temperature
decreases. This was already observed in [12,20]. The temperature
inside the porous medium is not constant because it corresponds
to the inner bath temperature on one side and to the bath
temperature on the other side. If the permeability is temperature
dependent below 1.8 K, this has to be taken into account when
integrating Eq. (19). A numerical code, using Eq. (19), has been
used to determine the permeability as a function of the tempera-
ture at each bath temperature measurement. Figs. 9–11 present
the permeability obtained for Al2O3 samples with pore size
diameter of 1 lm, 2 lm and 0.1 lm respectively. The permeability
error bars have been obtained from the experimental error bars on
temperature, heat flux and dimension errors propagated by Eq.
(19) according to the error propagation equation [23]. For all the
samples, the results are qualitatively speaking identical: the per-
meability is constant for bath temperature above 1.9 K and
increases as the bath temperature decreases. For samples with
pore size diameter of 1 lm, the permeability obtained in super-
fluid, between 6.10ÿ15 m2 at 1.5 K and 3.10ÿ15 m2 at 2.1 K, corre-
sponds to the value measured with the low temperature
permeability set-up: 5.10ÿ15 m2. The only case for classical viscous
fluids flow in porous media, where the permeability is dependent
on the geometry has been observed experimentally when there
are wall slip effects for the fluid at the pore scale; the so-called
Klinkenberg effect, e.g. [24]. In superfluid helium, there is more
than 68% of the superfluid component at 1.8 K and this value
increases to 92% at 1.4 K. As already mentioned in [17], the flow
conditions at the wall for the superfluid component is a slip veloc-
ity boundary condition. With decreasing temperature, could the
slip condition effect at the wall explain the permeability increase
as the temperature decreases below 1.8 K? Theoretically, if we
admit that the Landau equations are correct, the slip condition
does not interfere with the closure problem for permeability as
explained in [20]. Therefore, our results suggest that, somehow,
additional features must be added to the classical Landau
equations, either in the bulk, or as modifications of the boundary
conditions. These modifications should link the viscous drag com-
ing from the normal fluid momentum equations and boundary
conditions to the superfluid component.
4.3.3. Temperature measurement and modelling with K(T)
While we do not have a definitive explanation for the depen-
dence of K with temperature, it is worth testing if such a minimal
modification of the macro scale model could reproduce the exper-
imental data. The temperature measurements are now analysed by
integrating Eq. (19) with the permeability already obtained (Figs. 9,
10 or 11) and this independently of the bath temperature, i.e., the
Table 3
Critical heat flux (W/m2).
Temperature
(K)
Al2O3 1 lm
in pore size
diameter,
3 mm in
thickness
Al2O3 1 lm
in pore size
diameter,
4 mm in
thickness
Al2O3 2 lm
in pore size
diameter,
3 mm in
thickness
Al2O3 2 lm
in pore size
diameter,
4 mm in
thickness
2.1 2137 2295 2740 2428
2 4530 4700 4631 4111
1.9 5968 6165 5151 4611
1.8 6720 6970 5199 4650
1.7 7308 7540 5045 4513
1.6 7346 7339 4719 4240
1.5 4502 3934
Fig. 9. Permeability in He II for sample with pore size diameter of 1 lm, 3 and
4 mm in thickness.
same fit K(T) is used for all bath temperatures. Figs. 12–14 present
the results for the Al2O3 samples with pore size diameter of 0.1 lm,
1 lm and 2 lm respectively. The symbols represent the measure-
ment and the solid lines represent the model obtained by integra-
tion of Eq. (19). For the samples with pore size diameter of 0.1 lm
and 1 lm showed in Figs. 12 and 13, the model fits very well with
the experimental results with a deviation inferior to 5% between
the measurements and the model and this for all heat fluxes. This
confirms, as seen when studying the ratio 1
Dp
R T i
Tb
qsdT, that the Lan-
dau regime holds all along the measurement, independently of the
heat flux. This indicates that the pore size diameter of 0.1 lm and
1 lm does not allow the development of the superfluid turbulence,
corresponding to the Gorter-Mellink regime. On the contrary, as
shown in Fig. 14 for the sample with a thickness of 3 mm and a
pore size diameter of 2 lm; the model fits very well with the
experimental results for low heat flux only. There is a heat flux
above which the model diverges from the measurements. The Gor-
ter-Mellink regime appears and this corresponds to the develop-
ment of vortices and the superfluid turbulence. From the
difference observed between the results of the samples with
1 lm and 2 lm of pore size diameter, it can be concluded that
there is a size effect impacting the development of vortices: below
1 lm of pore size diameter vortices do not develop.
4.3.4. Results for samples with pore size diameter of 10 and 20 lm
In the Gorter-Mellink regime, the temperature gradient is
expressed by the well-known equation [25],
rT ¼ ÿ Aqn
q3s s
4T3
jqj2q; ð20Þ
with A the coefficient of Gorter-Mellink and q the heat flux. This
equation can be integrated as
Fig. 10. Permeability in He II for sample with pore size diameter of 2 lm, 3 and
4 mm in thickness.
Fig. 11. Permeability in He II for samples with pore size diameter of 0.1 lm, 33% of
porosity, 1 mm, 2 mm and 3 mm in thickness.
Fig. 12. Evolution of the temperature increase across the Al2O3 sample with a
thickness of 3 mm, a porosity of 33% and a pore size diameter of 0.1 lm for different
bath temperature. The solid lines represent Eq. (19).
Fig. 13. Evolution of the temperature increase across the Al2O3 sample with a
thickness of 3 mm, a porosity of 30% and a pore size diameter of 1 lm for different
bath temperature. The solid lines represent Eq. (19).
Fig. 14. Evolution of the temperature increase across the Al2O3 sample with a
thickness of 3 mm, a porosity of 32% and a pore size diameter of 2 lm for different
bath temperature. The solid lines represent Eq. (19).
q ¼ 1
e
Z T i
Tb
s4ðqsTÞ3
Aqn
dT
 !1
3
: ð21Þ
For the case of a porous medium, this relation must be up scaled
and account for tortuosity effects [10,12]. A solid matrix makes the
structure of a porous medium with channels interconnected in a
random manner. Considering this, the average length of heat flux
lines is not the thickness of the sample but a length higher, xe,
where x is the factor by which the thickness e is multiplied to
obtain the average streamline length. Obviously, this can be assim-
ilated to the geometric tortuosity which is, in the field of porous
media, the ratio of the real average length of streamlines to the
thickness of the sample as illustrated in Fig. 15 [12].
Considering the tortuosity effect, the macro-scale version of Eq.
(20) in one dimension is expressed as,
dT
xdx
¼ ÿ Aqn
q3s s
4T3
x3q3 ð22Þ
where q is the fluid intrinsic flux density. Thus the equivalent of Eq.
(21) becomes
q ¼ 1
x4e
Z T i
Tb
s4ðqsTÞ3
Aqn
dT
 !1
3
ð23Þ
Eq. (23) is used to model our experimental results by determin-
ing x for each bath temperature. First, the integral
1
e
R T i
Tb
s4ðqsTÞ3
Aqn
dT
 1
3
is calculated and divided by x4/3. The value of
x is then varying to minimize the difference between the experi-
mental value and the theoretical one. Finally, x is determined for
each bath temperature measurement. This simplified and some-
how naïve tube model used here to introduce the concept of tortu-
osity must not be taken as a comprehensive introduction of
tortuosity effects in macro-scale flux expressions. From upscaling
techniques, it is known that the tortuosity is indeed a geometrical
characteristic, but it is given by the resolution of a special diffusion
(mathematically speaking) problem over the pore scale structure.
Only in the slim tube model it is possible to simply determine
the actual average streamline length and it is found in any trans-
port in porous media text book that the resulting transport tortu-
osity parameter is equal to x2 in this simple case. While
tortuosity appears in the up-scaled model proposed in [20], there
is not a complete development available for the full model includ-
ing the Gorter-Mellink terms. If we assume that the full two-fluid
model can be approximated by Eq. (20), the resulting heat diffusion
model can be volume averaged, as explained in [26], and a full
comprehensive tortuosity theory introduced. This is beyond the
scope of this paper to calculate the resulting transport tortuosity
for a real porous media considered in this study.
Fig. 16 presents the experimental results giving the tempera-
ture difference as a function of the heat flux and the curves
obtained from Eq. (23) for the sample with a pore size diameter
of 10 lm. Fig. 17 presents similar results for the sample with a pore
size diameter of 20 lm. For bath temperature between 1.7 K and
2.1 K, the curves obtained from the model fit very well with the
experimental results except for the last points at very high heat
flux, i.e., points near the transition He II/He I, which is not included
in this simple model. On average, the relative error between the
estimated heat flux and the experimental one is around 10% for
the range of temperature investigated. The relative error is higher
for lower bath temperature (around 12% at 1.4 K) and reduces as
the bath temperature increases (around 7% at 2.1 K). On a global
point of view, the model is satisfying to describe the physical phe-
nomenon for SiC samples except when approaching the k
transition.
The values of x found to fit the curves are given in Table 4.
Considering the 1 D tortuosity model, these values (x < 2) are con-
sistent with this type of porous media, which makes us confident
about the accuracy of the analysis. For bath temperatures inferior
to 2 K, the values found for x are close: the average is 1.65 for
the sample with pore size diameter of 10 lm and the deviation is
no more than 4.5%. For the sample with pore size diameter of
20 lm, the average is 1.79 and the deviation is less than 3.8%. This
is clear that, regardless the bath temperature (except at 2.1 K), the
values obtained for x can be assumed constant. For 2.1 K of bath
temperature, the values of x are inferior from the average value:
the discrepancy is 12% for the sample of 10 lm in pore size diam-
eter and 20% for the sample of 20 lm in pore size diameter. It can
be noticed again at this point that 2.1 K is close to the temperature
of the k transition and modelling is quite difficult. Hence, it is dif-
ficult to propose a more comprehensive analysis.
Fig. 15. Principle of the tortuosity model [12].
Fig. 16. Temperature difference for the SiC sample of 10 lm in pore size diameter
for bath temperature from 1.4 K to 2.1 K. The solid lines represent Eq. (23).
Fig. 17. Temperature difference for the SiC sample of 20 lm in pore size diameter
for bath temperature from 1.4 K to 2.1 K. The solid lines represent Eq. (23).
5. Conclusion
The average pore size diameter has an important impact on the
flow regime observed and this independently of the bath temper-
ature. Below 2 lm pore size diameters, only the Landau regime is
observed whereas for higher pore size diameters (2 lm), the Lan-
dau and the turbulent regimes are witnessed. For samples with
even higher pore size of (10 and 20 lm), only the turbulent regime
was observed and the average tortuosity obtained is constant for
each sample, independently of the bath temperature. The pore size
diameter controls the development of the vortices: for samples
above 2 lm of pore size diameter, vortices can develop when the
heat flux is high enough whereas the Landau regime stands all
along the measurement for samples with smaller pore size diame-
ter, indicating a size effect which does not permit the development
of vortices. When the Landau regime is observed, one can deter-
mine a permeability which is constant above 1.9 K and increases
for lower bath temperature. This may be due to the fact that the
superfluid component is present in majority below 1.8 K, involving
a slip wall effect of the flow at the pore.
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Table 4
Values of x obtained for the SiC samples.
Temperature
(K)
x for sample with a pore
size diameter of 10 lm
x for sample with a pore
size diameter of 20 lm
2.1 1.60 1.70
2 1.65 1.80
1.9 1.66 1.81
1.8 1.67 1.80
1.7 1.65 1.79
1.6 1.65 1.78
1.5 1.64 1.79
1.4 1.64 1.78
